ABSTRACT: Some organisms are particularly appropriate models for investigation of variability in time and space for given environments. The erect bryozoan Cellarinella nutti, an endemic Antarctic species, is one such organism: it is extremely abundant, occurs from the polar front to the Antarctic continental edge, and preserves a clear macroscopic environmental record in its skeleton (growth check lines). We studied variability in the growth of 93 C. nutti individuals at depths between 247 and 414 m, at sites 1, 10, 100 and >1000 km apart in the Weddell Sea, Antarctica. Trawled C. nutti varied from 5 to 23 yr in age, and nearly half the colonies had grown asexually from fragments. We measured the annual growth increments, which ranged from ~18 zooids (8.6 mg dry mass, 0.8 mg ash-free dry mass; Age 1) to ~130 zooids (43 mg dry mass, 2.48 mg ash-free dry mass; Age 20). At 9 yr (the modal age), each C. nutti individual had precipitated >182 mg CaCO 3 , and by 20 yr nearly 580 mg. C. nutti grows slowly compared with other erect bryozoans, even those in the Antarctic. We found colony and site to be insignificant factors in its growth, despite the large range of distances between sites, but year was highly significant. We found a non-linear increase in growth spanning the last 2 decades that has no obvious relation to El Niño Southern Oscillation (ENSO)-associated environmental fluctuations. In particular we found that growth in 2003 was greater than in any other year measured by a factor of 2. Given its abundance, longevity, ubiquity in Antarctic waters, insignificant spatial variability in growth, but distinct annual variability, C. nutti may prove to be an important species to investigate whether benthic organisms, as well as krill, salps and fur seals, are beginning to develop major climate-related changes in phenology.
INTRODUCTION
Organisms strongly reflect their environment, sometimes recording changes from the largest evolutionary to the smallest ecological time scales. For example, the distributions of biota contracted to refugia, and subsequently expanded across continental shelves, mirroring the wax and wane of ice sheets over the last 2 million years between glacial maxima and minima (Williams et al. 1998 , Hodgson et al. 2001 . Whilst the palaeogeography of some organisms may reflect such Milankovitch 41 kyr (kyr = 1000 yr) and 100 kyr cycles, the recent and current biogeography of others (e.g. corals) are strong indicators of environmental change on ecological time scales (see Jackson et al. 2001 ).
Tidal, daily, seasonal and annual rhythms are now known to be reflected in a wide variety of metazoans, but longer fluctuations following El Niño Southern Oscillation index (ENSO), decadal or climate warming scales have also been found (Moran 1986 , Dayton 1989 , Elner & Vadas 1990 , Walther et al. 2002 , Smith & Key 2004 , Forcada et al. 2005 . Anomalous months or years of the biology of an organism have been found (either seemingly independent of the environment, or reflecting an environmental anomaly), particularly in recruitment studies. This may, however, be an artefact of the relatively short time scales on which most ecological experiments are undertaken. An ideal feature of an organism's biology for investigating responses to environment is growth -many eukaryotes preserve a record in their bodies (e.g tree rings). Not only can variability be examined over small time scales but some fossils, including Antarctic Eocene bivalves (Buick & Ivany 2004) , preserve an environmental record over a wider temporal scale. Growth studies on polar biota have particularly strong potential because of high seasonality (increasing signal strength and clarity) and organism longevity (Arntz et al. 1994 , Peck & Brey 1996 .
High latitude ecology has tried to answer the question of whether polar animals grow slowly by comparing Antarctic, temperate and tropical growth rates (Arntz et al. 1994) . Fishes were an obvious initial study choice (e.g. Wohlschlag 1961 , Burchett 1983 , Everson 1984 since there was a considerable literature on warm water species for comparison. Rather than rings (such as in fish otolith bones) some animals produce growth check lines, which are external and can often be seen whilst the animals are still alive. Because of the strong seasonality of food and feeding in polar regions (Clarke 1988 , Coma et al. 2000 , growth check lines in molluscs (Lutz & Rhodes 1980) , bryozoans (Winston 1983), brachiopods (Brey et al. 1995b ) and echinoids (Brey et al. 1995a ) are typically pronounced in polar species. Photographic monitoring (Barnes 1995) , calcein marking and stable isotope studies have confirmed growth check lines in many species to be annual (Brey & Mackensen 1997 , Brey et al. 1998 , Smith et al. 2001 . One brachiopod species has, however, been found to produce such lines with supra-annual frequency (1.8 times yearly in the brachiopod Liothyrella uva: see Peck & Brey 1996) . In most species, the number of growth check lines equals the colony age, and the volume of carbonate between 2 consecutive lines equals their annual production. Analysis of bryozoan growth check lines showed that growth was significantly greater in some years than in others, and that in some species this growth was linked to duration of food availability (Barnes 1995 , Brey et al. 1998 . The latitude link to growth seemed to be that polar growth was slower (or much slower) than in warmer water benthos (Dayton 1979 , Arntz et al. 1994 . Only a few species are known to grow relatively quickly (Dayton 1989 , Rauschert 1991 . The longerlived species enabled ecologists to investigate growth across several years or decades. Dayton's (1989) work on sponges and settlement panels showed that the growth and recruitment of some species might fluctuate over tens of years. Despite a variety of supra-annual signals (such as ENSO or ice: Murphy et al. 1995) in the oceanic environment and the potential of animals with growth check lines to reflect them, few studies, to our knowledge, have investigated this connection.
The bryozoan genus Cellarinella comprises heavily calcified, erect, suspension feeders. C. nutti is one of the more common and abundant species of this genus, and is endemic to the Southern Ocean. It is circumantarctic in distribution, and known from almost all well sampled regions from as far north as Bouvet Island (Hayward 1995) . It is a typical member of its genus, and forms growth check lines (see Winston 1983) . These lines have been confirmed as annual in both congenerics (Barnes 1995) and more distantly related (Brey et al. 1998 (Brey et al. , 1999 cheilostome species. The division of the colony into a series of segments by sequentially formed growth check lines enables the age of each colony to be determined. If the specimen is intact, the growth of each intersegment can be linked to a particular year by counting back from the year of collection. Herein we evaluate the value of the cheilostome bryozoan C. nutti as a model organism for reliable growth-time series. We use growth data to probe variability within-colony, within site, between site and between years. The main hypothesis we test is that growth varies insignificantly among years over the lifetime of a colony, i.e. approximately 2 decades.
MATERIALS AND METHODS
All samples were collected during the ANT XXI-2 expedition of PFS 'Polarstern' between November 2003 and January 2004 at 7 sites between 247 and 414 m depth and between latitudes 54°30' S, 03°14' W and 70°57' S, 10°33' W. The sampling comprised 7 sites 1, 10, 100 and >1000 km apart in the Southern Ocean (Fig. 1, Table 1 ). Collections were made using either a 1 or 3 m wide Agassiz trawl (1 cm mesh cod end) with an attached Rauschert dredge (1.5 mm mesh) or bottom trawl (Table 1) . Trawls were dragged for 10 to 51 min, and then brought up and sorted on the ship's deck. From each site, between 8 and 19 living specimens of the cheilostome bryozoan Cellarinella nutti were collected, cleaned and dried for analysis. We examined the base of each Cellarinella nutti colony and recorded whether it had grown from a fragment of a previous colony (and was thus of asexual origin) or from a sexually produced larva. In colonies which have originated sexually, the base forms a smooth inverted cone just 1 or 2 zooids wide at the bottom. All unbroken (complete) colonies were selected as well as a few colonies lacking 1 or 2 segments. We recorded growth for years in which all segments were present. The age at first branching was recorded for each colony. In addition, for each colony, the following data were recorded: (1) the year and age of the colony at the time each segment was formed, (2) the number of zooids in the segment (using a binocular microscope), (3) the length of each segment in millimetres, (4) the dry mass of each segment, (5) the ash-free dry mass (AFDM) of each segment, and (6) any damage due to predation. To estimate dry mass and AFDM, we first excised each segment using a scalpel. Because of branching, there are multiple segments of the same age in some specimens, i.e. a typical specimen produces 1 segment each year for the first 5 yr, but then dichotomously divides to form 2 branches, thereafter producing 1 segment yr -1 on each branch (= 2 segments yr -1 ). After ~3 more yr it branches again, thereafter producing 1 segment yr -1 on each branch (= 4 segments yr -1 ). The annual increments calculated were the sum of all segments produced in a year. The segments of each age from each specimen were weighed on drying for 24 h at 60°C to estimate dry mass.
They were then ashed in a furnace (480°C) for 24 h and reweighed to estimate AFDM.
The results were log transformed where necessary and tested for normality. Regression lines were fitted and the data subjected to ANOVA. To evaluate growth across years, we first calculated the line of best fit to the annual increment-at-age data for dry mass, for ash-free dry mass and for zooid number. We then computed the residuals of each increment from the appropriate model. Finally, we compared years by plotting the anomalies by year, 1-way ANOVA and post hoc Tukey tests.
RESULTS
We collected 93 specimens from 7 sites ( Table 2 ). Nearly half (47.3%) of the Cellarinella nutti colonies had grown from asexual (fragment) origins. The modal age of the C. nutti colonies examined was 9 yr (Fig. 2) , although mean ages across sites were higher (Table 2 ). There was no significant age difference of C. nutti individuals among the 7 sites (ANOVA, F 6 = 1.8, p = 0.11). The mean onset of developing branching occurred at 5.3 (± 0.4 SE) yr. Once branching occurred, different branches (of the same individual) generally grew at similar rates (intersegments were similar across different branches of the same colony), but the similarity of growth in branches of the same colony varied significantly between colonies (ANOVA, F 19 = 2.7, p < 0.001).
Branches of Cellarinella nutti grow at a mean rate of 3.44 mm yr -1 (± 0.04 SE); this is the segment length. Typically, in the first year of growth colonies achieved 8.6 mg dry mass yr -1 , of which 8.3% (about 0.8 mg) was organic tissue (AFDM). Subsequent annual growth increments increased from ~12.4 mg CaCO 3 yr -1 at 2 yr to ~43 mg CaCO 3 yr -1 at 20 yr, and organic tissue was typically ~5.5% of growth after Year 1. Thus, at modal age, each C. nutti individual had precipitated over 182 mg CaCO 3 and by 20 yr had precipitated nearly 580 mg. First-year colonies consisted of ~18 zooids, but the number of new zooids created rose each year, such that in their 20th year colonies produced ~130 zooids (summed production across all branches). Colonies may eventually exceed 1300 zooids in size. The cumulative increase in dry mass, AFDM and zooid number could be characterised by simple equations (see legend to Fig. 3) . AFDM of Year 1 growth was elevated due to the colony growing (uncalcified) kenozooidal rootlets to provide support. There were strong relationships between dry mass, AFDM and zooid number and dry mass (Fig. 4) .
Neither colony nor site were significant factors explaining variability in growth, but year emerged as highly significant (Table 3) . Data were then analysed, pooling across colonies and sites. Lines of best fit to annual increments of dry mass, ash-free dry mass and zooid number by age were all (significant) linear regressions. The residuals from each of these regressions (dry mass, ash-free dry mass and zooid number Mechanical damage of some specimens was recorded, as was some evidence of repair of prior branch breakage. However, no damage to colonies was observed that was considered attributable to predation. Thus, it is considered that predation was not a factor influencing differences in numbers of zooids or mass of segments. No overgrowth was observed on any of the study colonies.
DISCUSSION

Within-colony, between-colony, site, year and species variability
We examined specimens of Cellarinella nutti, from amongst the most northerly and southerly points of the Southern Ocean at (3 to 10°longitude) across sites varying distances apart. At the smallest scale, we found varying growth rates and damage in different branches within colonies of C. nutti, as found by Smith & Key (2004) in the New Zealand bryozoan Adeonellopsis sp. This variability was minor, however, and we found no significant effect of colony or site (Table 3) in our analyses despite between-site distances ranging from 1 to 1000 km apart (Fig. 1) . Such robustness to spatial variability makes our species ideal for investigation of temporal variability. Growth rate values are now known for a number of mid-to high latitude, southern, erect bryozoan species (Table 4) . In none of these species has spatial variability been investigated, although Barnes & Arnold (2001) found significant spatial variability in 2 encrusting Antarctic species (Inversiula nutrix and Celleporella bougainvillei) along a lat- (2001) study, comparisons are confounded by differences in both the depth of water (40 vs. 400 m) and type of organism (encrusting vs. erect) between their study and ours. In accordance with other investigators (e.g. Barnes 1995 , Brey et al. 1999 , Smith et al. 2001 , Bader & Schäfer 2004 , Smith & Key 2004 , we detected between-year (as well as seasonal) variability in growth rate. In the case of C. nutti, nearly 10% more zooids and >16% more dry mass were accumulated in the most productive compared to the least productive years. Over the 20 yr from 1984 to 2003, the last year (2003) was the most productive. It is possible that the magnitude of growth was particularly high in 2003 because this was our last sampling year and resorption of tissue into the final growth 'band' had perhaps occurred during the non-growing season. We consider this unlikely, as measurements of the congeneric species C. watersi from 1988 to 1992 did not reveal 1992 (the last year measured) as a year of anomalously high production (Barnes 1995) . A potential source of error would be no growth in 1 or more years. If this had happened, then segments would be missing for this year across branches and colonies and 2 problems would arise. Firstly, our mean values of growth would be artificially high, and secondly (and more seriously), back-counting along segments would incorrectly assign segments to years. Whilst we cannot rule this out as a source of error, we feel that a year of zero growth would be unlikely, except following an obvious environmental catastrophe.
Cellarinella nutti grows slowly -not only in accordance with bryozoan growth in general, but also compared to other, similar, Antarctic bryozoans (Table 4) . In the most productive study year (2003), the most productive individuals grew at a rate of ~52 mg dry mass yr -1 , nearly double the rate typical for this species, but still 1 order of magnitude less than typical values measured for the related Antarctic species C. watersi (Barnes 1995) or Cellaria incula (Brey et al. 1999) . The most productive, C. watersi at Signy Island (9 yr old individuals) were growing at a rate of nearly 2 g dry mass yr -1 , while the most productive individuals of the fastest growing of reported Antarctic species to date, Nematoflustra flagellata, grow at twice this rate (4 g dry mass yr -1 , see Barnes 1995) . Since Dayton's (1979) study of sponge growth rates, work on a wide variety of taxa in the Antarctic has revealed their rate of growth to be considerably lower than comparable representatives at low latitude (Arntz et al. 1994) . Thus, C. nutti seems to resemble other Antarctic benthos with respect to growth rate, i.e. 'life in the slow lane'. Although it does indeed seem to grow more slowly than other Antarctic bryozoans measured to date, we believe it is probably the most typical bryozoan measured, since previous studies (Barnes 1995 , Brey et al. 1998 , Barnes & Arnold 2001 , Bader & Schäfer 2004 all investigated pioneer species, mainly (in some cases) because these were fast growing.
Signals of change in the Southern Ocean on ecological time scales
Rapidly changing patterns in phenology are being observed in global terrestrial and freshwater environments (Walther et al. 2002) . The last few years have produced a series of revelations on significant physical changes in the Southern Ocean (Gille 2002 , Clarke & Harris 2003 and coincident changes in water-column productivity (Atkinson et al. 2004 , Forcada et al. 2005 , with the current study revealing changes on the 192 
Reliable externally visible predictor of growth rate
Can growth be reliably calculated in an animal with clearly defined annual growth check lines, by remote measurement alone? Brey et al. (1998) found segment area a much better predictor of growth than simple segment length. We tried an alternative method. Our counts of the number of zooids (modules) making up each increment of the colony resembled dry mass and AFDM patterns closely. Our zooid count method has an advantage over Brey et al.'s (1998) area method, as our images require no scale bar, involve no parallax issues, and (requiring no measurement) should have less associated error. Counting thousands of zooids is labour intensive, but it has advantages over the most popular method for measuring growth variability, i.e. oxygen isotope ratios (Corfield 1995 , Jones & Quitmyer 1996 , Smith et al. 2001 , Bader & Schäfer 2004 and Y. Bone & N. P. James unpubl. data) , as it is nondestructive and can be carried out with high resolution images. Smith & Key (2004) demonstrated the power of the oxygen isotope technique in revealing detailed patterns of annual variability of growth and ENSO signals using just 1 colony of the southern New Zealand bryozoan Adeonellopsis sp.
Model benthic organism for investigation of shortterm ecological responses to climate change
Antarctica and the Southern Ocean are already undergoing major changes in climate, but currently we know very little about marine animal responses to such shifts and, to date, few model taxa have been identified. New analyses of interannual patterns in longterm data sets are revealing some significant changes in the physical and biological characteristics of the Southern Ocean. There are signs of decreasing duration of surface fast-ice (Clarke & Harris 2003) , deep water warming (Gille 2002) , declines in krill and increases in salp populations (Atkinson et al. 2004) , and changes in the reproductive success of higher predators (Forcada et al. 2005) . Our results have revealed significant growth increases in a benthic suspension feeder over 2 decades. While our data concern only a single bryozoan species, we believe that our findings, like those of Atkinson et al. (2004) and Forcada et al. (2005) , have a wide relevance to polar productivity patterns. Clearly, the value of such data is linked to the general applicability of the organism studied. Our model animal, the phytoplanktonconsuming bryozoan Cellarinella nutti, is ideal in many ways: its external morphology reveals its age, patterns of annual growth and skeletal evidence of its origins (i.e. a sexually produced ancestrula). Cellarinellid bryozoans can be extremely abundant in shelf environments (Fig. 6) , sometimes approaching 99% cover, making this type of animal ecologically important and representative (Bullivant 1967 , Winston 1983 , Barnes 1995 , Teixido et al. 2004 ). The rigid, erect (cellarinellid type), bryozoan growth form is widely represented from shallow waters to deep shelf depths, from the tropics to the poles and from Mesozoic to recent environments (McKinney & Jackson 1991 , Taylor & Wilson 2003 . There are, however, factors which limit the general applicability of data from C. nutti, such as the near absence of congenerics and confamilials outside the Southern Ocean (Hayward 1995) and its easy breakage when collected by trawling. 
CONCLUSIONS
In summary, the bryozoan Cellarinella nutti appears to be a useful model representative of the benthos for investigation of climate change over the scale of its life span (~20 yr). In terms of growth rate, it is a typical Antarctic zoobenthic suspension feeder in that it is a long-lived slow-grower. Counts of the number of modules (zooids) produced each year were highly correlated with dry mass and ADFDM measures of growth. Thus, counting of zooids measures growth as succesfully as these traditional methods, with the additional advantage that it is a non-invasive method that can even be carried out using high resolution photographs. Our analyses of annual variability in productivity revealed both a strong trend of increasing growth since about 1990, and anomalously high production in 2003. Spatial variability was insignificant on scales from 1 to 1000 km so do confound patterns in time. Supra-annual trends of potential responses to climate change have been previously reported in populations of pelagic and surface-dwelling consumers of the Southern Ocean. Growth increases in C. nutti are unlikely to be directly linked to the small degree of deep-water warming reported (Gille 2002 ), but may be indirectly related to warming effects on primary productivity. We suggest that collections of animals such as cellarinellid bryozoans would provide some powerful insights into benthic responses to yearly and decadal changes in the Southern Ocean.
